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The production of top-antitop-quark pairs at hadron colliders is interesting both in its own right 
as signal process, but also as background to many searches for new physics. The corresponding 
predictions aim at the precision level of few per cent, rendering not only the inclusion of radiative 
corrections of the strong and electroweak interactions relevant, but also of off-shell and finite- 
width effects originating from the top-quark decays t — > bW — > b + l + Vi/qq'. We report on a 
calculation for the full process pp — > W + W~bb — > V e e + ji~ v^bb at next-to-leading order QCD 
and discuss the effects of the finite widths of the top quarks and of the W bosons for selected 
observables. Generically it turns out that finite-top-width effects are at the per-cent level whenever 
the top-quark resonances dominate, but those effects can reach tens of per cent in off-shell tails. 
Finite-W-width effects, on the other hand, are suppressed to less than 0.5% whenever the top 
quarks can become resonant and only become sizeable in exceptional cases. One such case, 
however, is the invariant mass of a bottom quark and the corresponding charged lepton, which 
result from the same top-quark decay — an observable that is relevant for precision measurements 
of the top-quark mass. 
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1. Introduction 

After about 17 years of its discovery, experimental studies of the top quark are still highly 
interesting, since the top quark is expected to serve as a key for understanding the fermionic mass 
hierarchy and to be potentially sensitive to physics beyond the Standard Model. Evidently, accurate 
measurements of top-antitop pairs carried out at the Tevatron and the LHC must be accompanied by 
precise calculations. A survey of LHC results on top-quark physics and corresponding theoretical 
predictions can be found in the recent review [1]. In this article we can only concentrate on the 
specific issue of off-shell and finite-width effects and the corresponding literature. 

Since many years, tt production at hadron colliders is fully known at next-to-leading-order 
(NLO) within QCD and electroweak theory. Beyond fixed order, the resummation of logarith- 
mically enhanced QCD corrections got more and more refined as well. Most recently, a major 
step was made towards a full prediction at next-to-next-to-leading-order QCD upon completing the 
quark-antiquark channel [2], which is dominating tt production at the Tevatron. Most predictions, 
however, are based on the approximation of stable (on-shell) top quarks, i.e. the top-quark decays, 
which proceed into pairs of W bosons and bottom quarks in the Standard Model, are ignored. A 
first important step towards a full NLO description of top-pair production and decay was made 
in Refs. [3-5], where top-quark decays were treated in a spin-correlated narrow-width approxima- 
tion, i.e. the top quarks are still on shell, but spin correlations between production and decay are 
taken into account. Recently, first results at NLO QCD for the complete process of W + W~bb pro- 
duction, with intermediate off-shell top quarks and including leptonic W-boson decays have been 
obtained by two independent groups [6-8]. 

As long as resonant tt production dominates an observable, finite- width effects of the top quark 
are suppressed to the order of €?(T t /m t ) ~ 1%. The finite-W- width effects even turn out to be sup- 
pressed to the level 0(T t /m t x Tw/^w) in inclusive observables [8]. However, in more exclusive 
measurements, such as precision m t determinations, tt backgrounds to new physics that are sup- 
pressed by vetoing top resonances, or the tt background to H — > llw signals in presence of b-jet 
vetoes, the investigation of finite-top-width effects is even more important since their magnitude is 
not known a priori. A first systematic study of finite-top- width effects in exclusive observables [9], 
based on a comparison of our calculation against the narrow-top-width approximation of Ref . [4] , 
indicates that finite-top-width corrections to phenomenologically important observables can range 
from a few per mille to tens of per cent. This also raises the issue of possible non-negligible effects 
resulting from the finite width of intermediate W bosons, which is addressed in detail in Ref. [8]. 

In this article we briefly discuss results from the off-shell calculation [6, 8] and compare them 
to the narrow- width approximation of Ref. [4], in order to work out the genuine finite- width effects 
of the top quark and the W boson. 

2. Features of off-shell tt production 

The process pp — > W + W~bb + X — > v e e + n~ v^bb +X describes hadronic top-quark pair pro- 
duction with subsequent leptonic top-quark decays. The corresponding matrix elements comprise 
doubly -resonant contributions, where the v e e + /x _ Vpbb final state results from the decay of a tt 
pair, as well as singly-resonant and non-resonant diagrams, i.e. contributions with only one or 
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Figure 1: Typical partonic diagrams contributing to pp — > W + W bb — > V e e + jJ. V^bb at LO (first row), to 
the NLO virtual corrections (second row), and to the NLO real corrections (last row). 

no top resonance. While diagrams with intermediate tt states always contain two W-boson reso- 
nances from the top-quark decays, the remaining background diagrams involve one or two resonant 
W bosons. Typical leading-order (LO) and NLO diagrams for partonic channels with different res- 
onance structures are shown in Figure |l[ 

In the following we discuss results of our NLO QCD calculation [8] of the process pp — > 
W + W~bb +X — > v e e + /i~ v^bb +X and of its earlier version [6]. At LO we fully take into account 
all diagrams with any number of intermediate top-quark and W-boson resonances, i.e. all off-shell 
effects are included. For the real-emission corrections we follow the same procedure. To regularize 
the resonances in a gauge-invariant way we employ the complex-mass scheme [10], where the 
decay widths r, (i = t, W) are incorporated into the definition of the (squared) masses, fif =mj — 
im,r,-. All matrix elements are evaluated using the complex masses jU,-, so that resonant and non- 
resonant contributions are uniformly described. In principle, it would be possible to proceed for 
the virtual NLO corrections in the same way (as it was done in Ref. [7]), but we decided to proceed 
somewhat differently. While we still take into account all diagrams with any number of on- or 
off-shell top quarks, we treat the W-boson resonances in the so-called double-pole approximation 
(DPA), where only the leading contribution in an expansion about the W resonances is kept. This 
procedure reduces the set of loop diagrams to the ones with two W resonances only and guarantees 
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NLO accuracy in the vicinity of the two W-boson resonances, which includes all regions with one 
or two intermediate resonant top quarks. As discussed below, the finite-W-width (FwW) effects 
receive an additional suppression, rendering this approximation rather good. Another motivation 
for using the DPA resides in the possibility to include the electroweak NLO corrections without 
the necessity to deal with the irreducible 2 — > 6 particle reaction; the DPA effectively splits the full 
process into WWbb production of 2 — > 4 type with the subsequent W decays of 1 — > 2 type. 

The rest of our NLO calculation follows the standard procedure of a diagrammatic calculation, 
as described in Refs. [6, 8] in more detail. 

3. Numerical results on finite-top-width and finite-W-width effects 

Generically, when a resonance is integrated over in an observable, finite-width effects are of 
the order of r,-/mj. This is nicely seen for the finite-top-width (FtW) effects on integrated cross 
sections and distributions that are dominated by the double top-quark resonance. As discussed in 
Refs. [6-9] in detail for the Tevatron and the LHC at various energies, the FtW effects on those 
observables are of the typical size of £?(r t /m t ) ~ 1%. 

The situation for FwW effects is different. Observables that are dominated by resonant tt 
production involve W resonances only through the top-quark decays, and effectively any correction 
to these decays manifests itself as correction to the respective top-quark branching ratio. However, 
since FwW effects are universal for all top decay channels, they cancel in the branching ratio. 
Thus, FwW effects come only in combination with FtW effects in observables dominated by tt 
production, resulting in an additional suppression of <^(r t /ra t x F-w/m-w) < 0.5%. The numerical 
enhancement in the number 0.5%, which is read off from our numerical study [8], results from 
phase-space cuts that disturb the inclusiveness used in the power-counting argument. 

In the following we exemplarily discuss FtW and FwW effects on two distributions of phe- 
nomenological interest where those effects do not receive the suppression described above. The 
FtW effects are quantified upon comparing the results from our off-shell calculation with the ones 
obtained in the (spin-correlated) narrow-top- width approximation (NtWA) of Ref. [4]. The FwW 
effects are estimated by the difference between the two versions [8] and [6] of our calculation with 
off-shell and on-shell W bosons, respectively, as described above. The shown results are taken 
from Refs. [8,9], where all details on the underlying input and setup (which is not exactly the same 
in Refs. [8,9]) can be found. 

Figures |2] and [3] show the finite-width effects on the transverse-momentum distribution of the 
bb pair, which plays an important role in boosted-Higgs searches with a large tt background. The 
extraction of pp — > H(— > bb)W signal at the LHC is based on the selection of boosted H — > bb 
candidates with p T b g > 200 GeV, which permits to reduce tt contamination. The suppression of 
tt production is indeed particularly strong at p xb g > 150GeV. This is due to the fact that, for 
resonant tt pairs, b quarks need to be boosted via the pj of their parent (anti)top quarks in order to 
acquire pj^ > {ml — m^) / (2m t ) ~ 65 GeV, and a bb system with high pj is kinematically strongly 
disfavoured at LO, since top and antitop quarks have opposite transverse momenta. The NLO 
corrections undergo less stringent kinematic restrictions, resulting in a significant enhancement 
of WWbb events at large p Tb ^,. This is clearly reflected in the differences between the LO and 
NLO curves on the l.h.s. of the two plots. At NLO the tt system can acquire large transverse 
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Figure 2: Transverse-momentum distribution of the bb pair for the LHC at s/s = 7TeV, showing the absolute 
LO and NLO predictions (left), the relative NLO corrections (upper right), and the relative difference (lower 
right) between the NtWA (tf) and the off-shell calculation (WWbb). (Taken from Ref. [9].) 
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Figure 3: Transverse-momentum distribution of the bb pair for the LHC at y/s = 8 TeV showing the absolute 
LO and NLO predictions with the bands illustrating the scale uncertainty (left), the NLO K factor (upper 
right), and the finite- W-width effects (lower right). (Taken from Ref. [8].) 
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Figure 4: Invariant-mass distribution of positron-b-jet system for the LHC at y/s = 7 TeV, showing the ab- 
solute LO and NLO predictions (left), the relative NLO corrections (upper right), and the relative difference 
(lower right) between the NtWA (tt) and the off-shell calculation (WWbb). (Taken from Ref. [9].) 
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Figure 5: Invariant-mass distribution of positron-b-jet system for the LHC at y/s = 8 TeV showing the 
absolute LO and NLO predictions with the bands illustrating the scale uncertainty (left), the NLO K factor 
(upper right), and the finite-W- width effects (lower right). (Taken from Ref. [8].) 
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momentum by recoiling against extra jet radiation. As indicated by the upper-right plots, the NLO 
correction represents 50—80% of the cross section at high pj, corresponding to a huge ^-factor 
of 2—4. FtW effects, shown on the lower-right plot of Figure ||, become as large as 10-30% for 
p T b g > 200 GeV [9]. This is most likely due to non-resonant topologies with direct bb production 
from a high-/;>T gluon that recoils against a W + W system and splits into a bb pair. On the other 
hand, FwW effects (lower-right plot of Figure ||) stay at the level of 2%. 

Figures |] and ^display the distribution in the invariant mass of the positron and a b jet, i.e. the 
visible products of a top-quark decay. In narrow-top-width and LO approximation this kinematic 
quantity is characterized by a sharp upper bound, M 2 +b < m\ — m^ ~ (152 GeV) 2 , which renders 
it very sensitive to the top-quark mass. The value of m t can be extracted with high precision using, 
for instance, the invariant-mass distribution of a positron and a J/y from a B -meson decay, an 
observable that is closely related to M e + b . In the region below the kinematic bound, the NLO 
corrections to M e + b vary between —10% and 20%, and the impact of the NLO shape distortion 
on a precision m t measurement is certainly significant. For M e + b < 150GeV, the narrow-width 
approximation for the top quarks and W bosons is very good. Above the kinematic bound, NLO 
corrections become clearly visible, giving rise to a tail that extends above M 2 +b = ra 2 — and 
also FwW corrections become sizeable (lower-right plot of Figure ||). In this kinematic region 
the finite top width causes effects at the level of 50% (lower-right plot of Figure While the 
contribution to the total cross section from the region above 150 GeV is fairly small, the impact 
of these contributions on the top-mass measurement might be non-negligible, given the high m t 
sensitivity of the M 2 +b ~ m 2 — region. A careful comparison between NLO off-shell calculation 
and parton-shower approach would be required to quantify off-shell effects on the m t measurement. 
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